Aromatic plants produce volatile substances with high therapeutic potential. In view of the need for new respiratory and cardiovascular system pharmacological agents, the present study reports on the spasmolytic activity of two enantiomers of carvone and limonene, constituents of essential oils. The enantiomers tested showed pharmacological activity in Guinea pig trachea and rat aorta smooth muscle. No differences were observed in the pharmacological profiles of the enantiomer pairs. The oxygenated monoterpenes (+)-carvone and (-)-carvone were pharmacologically more effective than the hydrocarbon monoterpenes (+)-limonene and (-)-limonene. The results of this study show the therapeutic potential of these compounds found in many aromatic plants for the treatment of respiratory and cardiovascular system diseases.
Various studies and reviews have described the importance of substances derived from natural sources to treat diseases, and the significant role of natural products in the processes of discovery and development of new drugs [1] . Among the various biological systems serving as experimental models for preclinical pharmacology studies, the cardiovascular and respiratory systems are of particular interest. Changes in the homeostasis of these two systems are involved in pathophysiological processes that lead to the emergence of societal diseases of great impact, and which are also treated with numerous drugs. Cardiovascular and respiratory diseases such as hypertension and asthma have benefitted from increasing societal attention, and have also become focal points for the development of new medicines [2] [3] [4] [5] .
Because of their spasmolytic activities, natural products with smooth muscle pharmacological activity are also receiving increasing attention. Such substances promote smooth muscle relaxation and are widely used to treat pathophysiological conditions such as asthma, hypertension, cardiac arrhythmia, angina pectoris, diarrhea, and intestinal and uteral spasms. Moreover, because the mechanisms of contraction and relaxation are generally similar in mammals; with similar endogenous mediators, pharmacological receptors, and cellular signaling pathways, the smooth muscle model is a relatively simple way to investigate the mechanisms of action of therapeutically promising substances of natural origin [6] . The smooth muscle model can be used for investigating biological activities of both natural and synthetic substances. Preliminary screening can be performed to determine whether pharmacological extracts, fractions, or isolated chemicals have relaxing effects on smooth muscles (where contraction has been induced using different agents, thus simulating the pathophysiological process, e.g., vasoconstriction associated with hypertension or bronchoconstriction associated with asthma) [7] [8] [9] . The smooth muscle model is indispensable to the discovery process of new useful drugs for treating such pathologies.
Essential oils are natural products having various pharmacological activities [10] [11] [12] . Carvone and limonene are bioactive compounds that contribute to the pharmacological activity of the various essential oils in which they are found [12] . In fact, (+)-limonene has demonstrated relaxing effects on the superior mesenteric artery of rats [13] . The monoterpenes carvone and limonene are found naturally in two forms {the enantiomers (+)-and (-)-}. Carvone is the main active component of spearmint oil distilled from the leaves of Mentha spicata [14] . The best-known source of (-)-carvone is spearmint oil, whereas its enantiomer is a constituent of dill and caraway oils. Limonene is found in various ethereal oils, and particularly in those of oranges and lemons. (+)-Limonene is probably the most abundant (and cheapest) enantiomerically pure cyclic olefin available from natural sources. It occurs abundantly in several orange essential oils such as Citrus aurantium L. [15] , and C. sinensis [16] ; while Pinus sabininiana, P. pinea, and P. canariensis oils contain (-)-limonene [17] .
The influence of chirality on the pharmacological activity of essential oil constituents has been evaluated. For example, the antinociceptive action of racemic 3-isothujone was found to be less effective than that of the (-)-3-isothujone enantiomer [18] . Differing pharmacological potency was also observed for the enantiomers (+)-and (-)-carvone. While (+)-carvone was bioactive in seizure models, (-)-carvone was inactive [19] . We performed a comparative study of the effects of these enantiomers on rat aorta and Guinea pig trachea to evaluate the potential influence that structural characteristics have on pharmacological activity in smooth muscles.
In pre-contracted aortic rings (using PE 10 -6 M), the cumulative addition (10 -6 to 3 × 10 -4 M, in increments of 0.5 log units) of (+)-carvone, (-)-carvone, (+)-limonene, or (-)-limonene caused a concentration-dependent relaxant effect (n = 3) in aortic rings with or without endothelium. In this study, both (+)-carvone and (-)-carvone had a relaxant effect on aortic rings (with functional endothelium) with a maximal effect (E max ) of 58.9% ± 2.0%, and 56.4% ± 5.8%, respectively, at 3 × 10 -4 M, with EC 50 values of 6.2 × 10 -4 M (95% CI from 1.8 to 21.7 × 10 -4 M), and 4.6 × 10 -4 M (95% CI from 0.8 to 27.7 × 10 -4 M), respectively. Furthermore, in aortic rings without endothelium, (+)-carvone and (-)-carvone had NPC Natural Product Communications 2015 Vol. 10 No 11 1893 -1896 similar relaxant effects with an E max of 56.7% ± 2.1%, and 53.3% ± 4.3%, respectively, and EC 50 values of 3.1 × 10 -4 M (95% CI from 1.5 to 6.5 × 10 -4 M), and 2.2 × 10 -4 M (95% CI from 0.6 to 8.5 × 10 -4 M), respectively.
Similarly, (+)-limonene and (-)-limonene had a relaxant effect on aortic rings with functional endothelium with E max of 22.3% ± 3.0% and 14.5% ± 1.0%, respectively, at a concentration of 3 × 10 -4 M with EC 50 values of 4.1 × 10 -4 M (95% CI from 0.5 to 33.0 × 10 -4 M), and 5.6 × 10 -4 M (95% CI from 0.8 to 36.9 × 10 -4 M), respectively. In aortic rings without endothelium, (+)-limonene and (-)-limonene had an E max of 25.5% ± 2.5%, and 14.8% ± 2.1%, respectively, and EC 50 values of 3.4 × 10 -4 M (95% CI from 0.8 to 15.1 × 10 -4 M), and 4.2 × 10 -4 M (95% CI from 0.7 to 8.6 × 10 -4 M), respectively. No statistical differences were observed between E max or EC 50 values of (+)-limonene, and (-)-limonene in aortic rings with or without endothelium (Table 1 ). In pre-contracted tracheal rings, CCh ( The aim of this study was to evaluate the spasmolytic potency of monoterpene enantiomers ( Figure 1 ) on Guinea pig trachea and isolated rat aorta (smooth muscle) and to determine the structureactivity relationships of these compounds. We report in this comparative study, our findings for pharmacological effects of (+)-and (-)-carvone and (+)-and (-)-limonene on smooth muscles.
No statistical difference was observed between the E max or EC 50 values of (+)-and (-)-carvone in aortic rings with or without endothelium (Table 1, Figure 2 ). Comparison of the EC 50 values of (+)-and (-)-carvone with those of (+)-and (-)-limonene revealed no statistical difference between them, but comparison of the E max values showed that (+)-and (-)-carvone had a greater relaxant effect on aortic rings (with and without the endothelium) than either (+)or (-)-limonene (Table 1, Figure 3 ).
The EC 50 value of (+)-carvone at 1.8 × 10 -4 M (95% CI from 0.4 to 75.0 × 10 -4 M) was not significantly different from the EC 50 value of (-)-carvone at 6.2 × 10 -4 M (95% CI from 0.9 to 43.3 × 10 -4 M) on tracheal rings ( Table 2 ). The EC 50 values of (+)-limonene 2.8 × 10 -4 M (95% CI from 0.7 to 10.3 × 10 -4 M) were not significantly different from those of (-)-limonene 6.2 × 10 -4 M (95% CI from 0.9 to 43.3 × 10 -4 M) (Table 2, Figure 4 ). Comparison of the effectiveness of (+)-and (-)-carvone and (+)-and (-)-limonene at concentrations of 3 × 10 -4 M showed that carvones were significantly more effective in relaxing the tracheal rings of the Guinea pigs, which was consistent with the findings observed in the case of aortic tracheal rings. In a recent study of the mechanism of action of (-)-carvone in relaxing Guinea pig ileum; this monoterpene was demonstrated as performing classical calcium channel blocker-like action [20] .
The stereo-chemical difference in the asymmetric carbon (C-4) did not result in differences in the pharmacological potency of either enantiomer. The bioactivities of these compounds on smooth muscle indicate that these compounds contribute to the spasmolytic activity of the essential oils in which they are found. Recently the spasmolytic activity of p-menthane monoterpene esters on Guinea
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Another example is a comparative study performed with chemical analogues of rotundifolone, the major component of essential oil from Mentha x villosa leaves. The compounds also had spasmolytic activity in isolated Guinea pig ileum. In this study the monoterpenes (-)-and (+)-carvone and (+)-limonene were bioactive. The experimental data suggested that the functional groups and their positions on the ring of the monoterpene rotundifolone influence spasmolytic activity [22] . Interestingly, De Sousa et al. [22] showed that (-)-carvone was slightly more potent than (+)-carvone. However, in the present study differences between enantiomers of carvone were not observed. The difference between the types of smooth muscles, and the experimental protocols used in both studies likely influence the results. (+)-Limonene has also exhibited relaxation activity on the superior mesenteric rat artery [15] . Experimental data from these studies confirm the action of limonene in various types of smooth muscles. This compound is a hydrocarbon consisting of 10 carbon atoms. Despite being a structurally simple molecule, there are several pharmacological activities attributed to limonene [12] .
In conclusion, all monoterpenes evaluated in this study showed relaxing effects on smooth muscle. The oxygenated monoterpenes were pharmacologically more effective in relaxing the aortic and tracheal smooth muscle of the rats and Guinea pigs, respectively. The differences in the chirality of the enantiomers did not result in different pharmacological potencies. These compounds can contribute to the spasmolytic activity of the essential plant oils and extracts in which they are found. The solution was continuously bubbled with a 95% O 2 and 5% CO 2 carbogen gas mixture purchased from White Martins Praxair Inc, Juazeiro, Bahia. The vessel was cut into rings (4 mm in length) that were immersed in organ bath chambers at 37°C containing 10 mL of Krebs solution and bubbled with carbogen gas.
Each Guinea pig was killed by a stunning blow to the head followed by exsanguination from the common carotid or external iliac artery. The trachea was carefully isolated, excised, and immersed in Krebs solution with pH adjusted to 7.4 and continuously bubbled with a carbogen gas mixture. The trachea was very cautiously cleaned of unnecessary adipose and connective tissue and was cut into rings (4-5 mm in length), which were immersed in organ bath chambers at 37°C containing 10 mL of Krebs solution and bubbled with a carbogenic mixture.
For both organ preparations, the rings were mounted between two triangle-shaped stainless-steel hooks, one fixed in the organ bath chamber and the other attached to a force transducer (TRO015; Panlab SL, Spain); this coupled to an amplifier (Bridge System Amplifier, Insight Instruments, Brazil), which was connected to an A/D converter, and into a PC running DATAQ  software (DATAQ Instruments Inc., OH). The aortic rings were allowed to stabilize for 60 min at a preload tension of 1 g (baseline). During the resting period, the Krebs solution was changed every 15 min to avoid accumulation of metabolites [23] . Certain procedures require removal of the aortic endothelium by gentle rubbing of the luminal surface of the ring using a cotton stick to obtain rings without endothelium. This treatment does not reduce the reactivity of the smooth muscle [24] . For studies on the tracheal rings, the epithelium was removed using the above protocol; moreover, all studies were performed in the presence of indomethacin to avoid possible interferences thru the production and release of cyclooxygenase-derived prostanoids.
Relaxant effect of (+)-carvone, (-)-carvone, (+)-limonene, and (-)-limonene:
After stabilization for 60 min, either the aortic or tracheal rings were contracted using either PE (1 µM) or CCh (1 µM), respectively, and the isometric tension was recorded. When a stable contraction was reached (the plateau was reached in approximately 20-25 min), either ACh (1 µM) or AA (100 µM) was added to the aortic or tracheal organ bath, respectively, to confirm the presence or absence of either functional endothelium or epithelium. The aortic rings were considered without epithelium when no relaxation was observed in response to ACh [25] and tracheal rings, when no relaxation was observed in response to AA [26] .
After 30 min, a second contraction was induced by either PE or CCh and cumulative concentration curves (10 -6 to 3 × 10 -4 M) of (+)-carvone, (-)-carvone, (+)-limonene, or (-)-limonene were prepared when the plateau was achieved. For each ring, a single concentration-relaxation curve was obtained. The relaxant effect induced by (+)-carvone, (-)-carvone, (+)-limonene, and (-)limonene was expressed as the reverse percentage of initial contraction force elicited by PE or CCh (100% relaxation when the baseline was reached), in the aortic or tracheal rings.
Statistical analysis:
The half-maximal response (EC 50 ) values were expressed as means or mean ± standard error of mean (SEM), and the maximum effect (E max ) as mean ± SEM, where "n" refers to the number of animals used in each set of experiment, and at confidence intervals of 95% (95% CI). Statistical analyses were performed using the software Graph-Pad Prism  5.0 (GraphPad Software Inc., San Diego, CA). The concentration that produced an EC 50 was determined by non-linear regression from concentrationresponse curves. Differences between the means were statistically compared using unpaired Student's t test, and these differences were considered significant when p values were less than 0.05.
